Grafting of cell lines and primary tumours is a crucial step in the drug development process between cell line studies and clinical trials. Disambiguate is a program for computationally separating the sequencing reads of two species derived from grafted samples. Disambiguate operates on alignments to the two species and separates the components at very high sensitivity and specificity as illustrated in artificially mixed human-mouse samples. This allows for maximum recovery of data from target tumours for more accurate variant calling and gene expression quantification. Given that no general use open source algorithm accessible to the bioinformatics community exists for the purposes of separating the two species data, the proposed Disambiguate tool presents a novel approach and improvement to performing sequence analysis of grafted samples. Both Python and C++ implementations are available and they are integrated into several open and closed source pipelines. Disambiguate is open source and is freely available at https://github.com/AstraZeneca-NGS/disambiguate. Miika J. Ahdesmäki ( )
Introduction Xenografts, both cell line and primary tumour, are routinely profiled in preclinical and translational research. Xenografts are used to study everything from new target identification to responses to targeted therapeutics and mechanisms of resistance 1 in an environment that is more realistic than just 2D cell lines. However, due to mouse stromal contamination of the human tumour, not all the data resulting from studying the extracted samples are guaranteed to be of human origin.
Direct high throughput sequencing of grafted samples with a mixture of two species is routine practice. However with the high volume of data and computational challenges of alignment and kmer identification, new computational strategies are required to computationally separate the two species' components for more accurate downstream analysis 1 , especially for the reduction of variant calling artefacts. However, the two-species alignment approach proposed in Bradford et al. 1 excludes reads that align to both organisms, clearly dismissing a large portion of the data as evidenced in Table 1 and Table 2 when observing cross species alignment rates.
Algorithms designed for disambiguating the host and tumour sequences include e.g. the Xenome tool 2 , which is based on machine learning applied to k-mers from both species. However, the implementation is not readily available and is not free for non-academic users. In 3 the authors also aligned the reads to both species, but no attempt was taken to disambiguate the data and no implementation is readily available.
Here, an alternative approach using read alignment quality is proposed to further disambiguate reads that can be mapped to both species. Alignment is first performed to both species independently and the reads are disambiguated as a post-processing step. There is no requirement to maintain pseudo reference indices based on combinations of reference sequences. This approach shows a very high sensitivity and specificity on artificially generated samples obtained by mixing reads from the individual species. The Disambiguate tool is community supported and widely used in several open and closed source pipelines.
Methods

Implementation
The Disambiguate algorithm works by operating on natural name sorted BAM files from alignments to two species. Name sorting is a critical part in not having to read all the data from both species' alignments into memory simultaneously; the same read aligned to both species is disambiguated on the fly by going through both alignment files synchronously. For reads that have alignments to both species and therefore require disambiguation, the specific details of the disambiguation process are slightly different for the different aligners. Thus far the algorithm has been tested for BWA-MEM 4 and Bowtie2 5 for DNA-seq, and TopHat2
6
, STAR 7 and Hisat2 8 for RNA-seq. Illumina's paired end sequencing is preferred as the mate can often break a tie. Figure 1 illustrates the disambiguation process.
Disambiguate assigns the reads on a per-pair basis, based on the highest quality alignment of the read pair. For BWA and STAR the alignment score (AS, higher better) is used as the primary disambiguation metric followed by edit distance (NM, lower better) to the reference. For Tophat2 and Hisat2 based alignments the sum (lower better) of edit distance, number of reported alignments (NH) and the number of gap opens (XO) is used.
Operation
The algorithm is implemented in Python (with dependency on the Pysam package) and C++ (with dependency on BamTools), with the C++ version being approximately four times faster than the Python code. 64 bit unix/linux systems are supported.
Given name sorted alignment (BAM) files aligned to the two species of interest (e.g. human and mouse), the algorithm infers Table 1 . Read pairs assigned human (hg19) and mouse (mm10) post disambiguation in BWA aligned DNA-seq data. The 'Ambiguous' column includes reads that aligned to neither or had equal quality scores for the alignments and could not be disambiguated. Figure 1 . The disambiguation process illustrated. Alignment is first performed against both species. The disambiguation application then operates on the raw, natural name sorted BAM files to assign the read pairs into one of the two species or as ambiguous for unresolved cases.
for each read the most likely origin. The output contains BAM files for both species, BAM files for ambiguous reads and a text file describing how many read pairs were assigned to each BAM file. The simplest way to perform all of the alignment and disambiguation is by running bcbio, in which Disambiguate is integrated, on the raw sequencing data.
Results
To illustrate the utility of Disambiguate, raw publicly available human and mouse exome sequencing reads (100bp paired end Illumina data) were downloaded from the European Nucleotide Archive (ENA) with Run Accessions SRR1176814 and SRR1528269.
The reads were concatenated, aligned against hg19 and mm10 using BWA MEM, and processed using Disambiguate. Pre-disambiguation, for the human sample (SRR1528269), there were 39686392 read pairs (out of total 77268164), for which at least one read aligned to mouse. Similarly, for the mouse sample (SRR1176814), there were 25638785 read pairs (out of total 47312349) for which at least one read aligned to human. Table 1 summarises the post disambiguation results. As can be seen, the disambiguation algorithm correctly pulls apart virtually all of the read pairs. In other internal studies, Disambiguate has time and again highlighted samples with low human assigned component, correlating with poor extraction or lack of growth of the tumour cells in the host.
STAR aligned human (SRR387400) and mouse (SRR1930152) RNA-seq data was also analysed with very similar results, see Table 2 .
Conclusions
In summary, Disambiguate provides an important tool for computationally separating sequence reads originating from two species. In human-mouse studies it also allows the study of the mouse stromal component for gene expression and DNA variation.
In addition to RNA-seq and whole genome sequencing, it is worth highlighting that for targeted hybridisation capture sequencing of xenograft samples, where baits from a single species are used, disambiguation is still highly recommended. This is best seen in Table 1 where a large number of human exome reads aligned to mouse and would potentially affect downstream interpretation without disambiguation.
Disambiguate has been well adopted in the open source community; it is integrated in the open source bcbio pipeline, and has been successfully used in both RNA and DNA sequencing of xenografts both at AstraZeneca and other research institutes. This is evidenced by the number of support tickets from a variety of organisations on the bcbio-nextgen Github page.
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The approach is based on alignments of sequence reads to the reference genome sequences for the two species in question. The authors have tested their approach on DNA-seq data from publicly available human and mouse exome datasets concatenated to simulate a xenograft sample. The results presented in Table 1 show very good separation of reads from the two species datasets with only a small percentage of reads being assigned to the wrong species (0.06% and 0.01%) and a higher but still very low percentage of reads flagged as ambiguous, i.e. align equally well to both genomes. Similar results were presented for RNA-seq data, although here the percentages of incorrectly assigned and ambiguous reads are unsurprisingly higher than for DNA-seq.
Use of the alignment scores, and in the event of a tie the edit distance, is a reasonable approach to disambiguate reads and is the method used for BWA and STAR alignments. For TopHat2 and HISAT2 a different scoring function is required, although the reasons for this are not given. Further, the choice of function (sum of edit distance, number of reported alignments and number of gap opens) is not completely obvious and raises the question of whether the authors have attempted to tune the function, e.g. by adjusting the weighting of each component. 
2.
This papers introduces a tool, named Disambiguate, for computationally separating the DNA/RNA sequencing reads of two species, like for example in case of xenograft samples. The tool takes as input BAM files from wide range of NGS aligners.
I have made the following minor observations:
The tool Disambiguate works on RNA-seq and DNA-seq data and this is mentioned for the first time in Methods section. Probably it would help to have this mentioned much earlier, like for example in the abstract too.
In order to improve the clarity, to the Tables 1 and 2 could be added also the percentages where is relevant, like for example, "26157" would become "26157 (0.0553%)" and so on.
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